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Abstract 
The columnar - to - equiaxed transition (CET) was investigated in Al-Cu alloys (Al-1wt.%Cu, Al-4.5wt.%Cu, Al-
15wt.%Cu and Al-33.2wt.%Cu) solidified directionally upward from a chill face. The CET occurs when the temperature 
gradient in the melt ahead of the columnar front reaches minimum and critical values. Two dimensionless numbers (  and 
 numbers) that can relate the system parameters (cooling rate, local solidification time and liquidus temperature of the 
alloy) were defined. T which shows a linear relationship with the local solidification time and t , 
that for the Al-rich region in the Al-Cu system, strongly depend on the macrostructure. These results are important to 
correlate the experimental values of physical quantities, which are relevant to describe the solidification process. 
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1. Introduction 
The columnar-to-equiaxed transition (CET) is a complex structure composed of both columnar and 
equiaxed grains.  
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As suggested in many previous studies, CET is caused by the competition between columnar and equiaxed 
growth (Spittle 2006, Biloni and Chalmers 1965, Rappaz and Gandin 1993, Hunt 1984, Wang and 
Beckermann 1996, Ares et al. 2010, Ares and Schvezov 2000, Ares et al. 2002, Ares and Schvezov 2007, Ares 
and Schvezov 2011). Depending on the application, one type of grain is preferred and thus favored, e.g. 
columnar grains in turbine blades and equiaxed grains in car engines. As a consequence, understanding the 
mechanisms that control the transition from columnar-to-equiaxed grains is decisive for industrial 
applications.  
Predicting the CET is very important to estimate and plan the mechanical properties of solidified products. 
In this way, dimensionless numbers are: 1) very useful in mathematical modeling and numerical simulations 
of the solidification process; 2) important to correlate the experimental values of physical quantities, which are 
relevant to describe the solidification process; and 3) important to establish dynamic similarity and geometric 
similarity between CET experimental tests and the foundry industry activities. Moreover, different 
experiments performed by various researchers can be compared by means of dimensionless numbers (Trivedi 
1980).  
In order to understand the solidification process, parameters which characterize a given solidified alloy 
system under study must thus be described, and then, so as to define parameters of the solidification process to 
formulate general laws which are independent of any specific alloy system. Dimensionless numbers can relate 
these system parameters (cooling rate, local solidification time and liquidus temperature of the alloy) that are 
important in the analysis. Dimensionless numbers can also relate the geometrical dimensions of the 
macrostructure and the physical properties of the alloys.  
Based on the above, the objective of this study was to solidify hypereutectic Al-Cu alloys directionally 
upward in a wide range of concentrations (Al-1wt.%Cu, Al-4wt.%Cu, Al-15wt.%Cu and Al-33.2wt.%Cu) and 
then, to determine the thermal parameters and grain sizes, and to define dimensionless parameters (  and  
numbers) in order to relate the directional solidification parameters with structural parameters and the 
properties of the alloys.  
2. Experimental details 
The alloys were solidified directionally upwards in an experimental set up consisting of a heating unit, a 
temperature control system, a temperature data acquisition system, a sample moving system and a heat 
extraction system (Figure 1). After directional solidification, the samples were cut in the axial direction and 
polished. Then, the samples with less than 10%wt.Cu were etched with a solution consisting of 15 ml HF, 4.5 
ml HNO3, 9 ml HCl, and 271.5 ml H2O, whereas those with more than 10%wt.Cu were etched with a solution 
of 320 ml HCl, 160 ml HNO3, and 20 ml HF (Vander Voort 2000). The position of the CET was determined 
by observation under an optical microscope.  
The equiaxed grain size was measured using the ASTM E112 standard, at equally spaced intervals. The 
columnar region was divided in a similar way and the width and length of the grains measured directly.  
3. Results 
3.1. Columnar-to-equiaxed transition 
Twenty experiments where the CET was produced were performed. Typical CETs can be observed in Figure 
2 for two of the different alloys tested, Al-1wt.%Cu and Al-4.5wt.%Cu. Figures 2 shows that the transition 
does not occur sharply but in a region between the minimum CET position (CET MIN.) and the maximum CET 
position (CET MAX.). 
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Fig. 1. Scheme of the directional solidification device.                Fig. 2. The columnar-to-equiaxed transition (CET) for two different alloy            
systems. (a) Al-1wt.%Cu and (b) Al-4.5wt%Cu. 
3.2. Thermal parameters 
The solidification parameters were calculated from the temperature versus time data as was reported before 
(Ares and Schvezov 2007, Ares and Schvezov 2011). Table 1 shows the values of thermal parameters 
determined for all alloy compositions. 
 
Table 1. Liquidus temperature (TL), solidus temperature (TS), cooling rate of the liquid (V.E.LIQ.) and cooling rate of the solid (V.E.SOL.), 
minimum CET position (CETMIN.) and maximum CET position (CETMAX.), critical temperature gradients (GC) and recalescence values 
(REC.) obtained from the temperature versus time curves. 
 
# Alloy TL 
(°C) 
TS 
(°C) 
V.E.LIQ. 
(°C/s) 
V.E.SOL. 
(°C/s) 
CETMIN 
(mm) 
CETMAX 
(mm) 
GC 
(°C/ mm) 
REC. 
(°C) 
1 Al-1wt.%Cu 655 621 0.69 0.22 50 67 0.67 0.69 
2 Al-4.5wt.%Cu 650 578 0.36 0.17 42 63 1.33  0.28 
3 Al-15wt.%Cu 625 542 0.33 0.26 46 25 -4.02 0.42 
4 Al-33.2wt.%Cu 540 540 0.23 0.17 40  18 3.0 1.02 
3.3. Grain size measurements  
In Figure 3, which corresponds to Al-1wt.%Cu, the size of the equiaxed grains is 0.5 mm  1mm in the 
transition region and then starts to monotonically increase to a value of 3.4 mm at the end of the sample, 
which is the part of the alloy that solidified last. In the case of the width of the columnar grains, it is observed 
that they increase in size when approaching the CET zone. Similar procedure was performed for a total of 
solidification experiments. The points in the figures were fitted to polynomial functions of third degree.  
CET MIN. 
(a) (b) 
CET MIN. 
CET MAX. CET MAX. 
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Figure 3 shows that, in the CET zone, the size of the equiaxed grains is smaller than the width of the 
columnar grains. However, in all the cases, the size increases after the transition. At the end of solidification, 
the size may also decrease at the top of the sample after reaching a maximum value. This behavior has been 
previously reported (Ares et al. 2010, Ares and Schvezov 2000, Ares et al. 2002, Ares and Schvezov 2007, 
Ares and Schvezov 2011). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Grain size evolution versus length of the sample. Al-1wt.%Cu.          
3.4. Dimensionless numbers 
Using the thermal parameters and grain size measurements determined above for all alloy compositions, 
the alloys were characterized by means of dimensionless numbers, which allowed formulating the problem 
such that the final results are independent of any specific alloy system. Table 2 lists the experimental values 
of the parameters used in the calculation of the dimensionless numbers. 
 
Table 2. Experimental values used in the calculation of the  and  numbers. 
 
Alloy (wt.%) TL (°C) TS (°C) Liquid density  
(g/cm3)  
Solid Density  
(g/cm3)  
Length of Columnar Zone  
 (mm) 
Average Grain Diameter  
(mm) 
Al-2wt.%Cu 655 621 2.586 2.383 50 3.2 
Al-4.5wt.%Cu 650 578 2.623 2.418 55 3.1 
Al-15wt.%Cu 633 548 2.740 2.528 40 3.5 
Al-33.2wt.%Cu 548 548 3.314 3.066 70 2.5 
of the alloy calculated using the experimental liquidus temperature and atmospheric pressure. 
 
3.5.1. The   Number  
The first dimensionless number was the  number, which is defined as the product between the cooling 
rate and the solidification time range divided by the liquidus temperature. Thus, the  number is given by: 
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where  T = cooling rate in °C/min at the beginning of the phase change, t is the local solidification time and 
TL is the liquidus temperature. All three variables are experimentally determined from the temperature versus 
time curves. The  number is similar to the Strouhal number (St), which is used to analyze non steady states 
in a fluid (Yavorski and Detlaf 1977).  
In this case, T  is the characteristic cooling rate, t is the characteristic time interval and TL is the 
characteristic dimension of the alloy which depends on the solute concentration. 
The  number was calculated for seventeen experiments with Al-Cu alloys, ranging from 1wt.% of copper 
to 33.2wt% of copper, using different cooling rates ranging from 74.3 to 135.8 °C/min. The  number was 
determined for both the columnar and equiaxed zones of the samples.  
The results showed a linear relationship between the  number and the local solidification time, which is 
almost independent of the alloy concentration and of the macrostructure within the experimental error, 
although a linear fit of the values of  calculated from experimental data gives higher slopes for equiaxed 
macrostructures. Figure 4 is a plot of the  number versus the local solidification time for different alloys at 
different cooling rates.  
Figure 4 shows that the  number increases with the local solidification time. In all the experiments, the 
slope of the  versus t curve is almost 0.18 minutes-1 for the equiaxed zone and 0.17 minutes-1 for the 
columnar zone. This slope is the inverse of the time constant, , characteristic for the solidification process of 
all Al-Cu alloys in the aluminum rich region, which seems to be independent of the solute concentration 
between 2wt.%Cu and the eutectic alloy. The time constant for the solidification process is 5.6 minutes for the 
equiaxed zone and about 5.9 minutes for the columnar zone. 
 
 
 
 
 
 
 
 
 
Fig. 4. The  number versus the local solidification time for different alloys at different cooling rates.  
 
 number can be also calculated by using the equation which relates the dendritic arm spacing with the 
cooling rate. local solidification time by the expression 
T.b  imental constants. However, the results did not allow concluding that this 
 from other 
aluminum alloy systems (Jones 1984).  
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3.5.2. The   Number  
The alloys were then characterized by means of another dimensionless number given by the following 
equation: 
SS
LL
ST,SP´
LL
T,PS
T,PLT,P
3
cba
R
 (2) 
where a, b and c are characteristic lengths of the macrostructure, R is a characteristic length of the sample, 
SS T,PS
 is the average solid density of the alloy at the end of the phase change calculated from its pure 
elements at solidus temperature TS and at the correspondent pressure, 
LL T,PL
 is the average liquid density of 
the alloy at the beginning of the phase change calculated from its pure elements at the liquidus temperature TL 
and at the corresponding pressure at the beginning of the phase change. 
The dimensionless number  was determined as the relationship between the mass of the liquid and the 
mass of the solid, which is formed from such liquid. Theoretically, the relationship should be one since in the 
solidification process there is no mass change. The mass of each phase was related to the density of each 
phase and the volume of each phase at their corresponding temperature and pressure.  
The volumes of each phase generally change because the densities of the solid and the liquid and the 
temperatures at the beginning and at the end of the phase change are quite different unless the densities of 
both phases are equal and the phase change occurs isothermally.  
The  number depends on the relationships between the average density of the liquid phase in the initial 
state of the solidification process and the average density of the solid phase at the end of the phase change, 
both calculated at their corresponding temperature and pressure. In the present work, due to the height of the 
liquid above the particle which is going under transformation were neglected. Furthermore, since the 
experiments were performed at atmospheric pressure, the density of the alloy was determined from the 
densities of its pure elements at atmospheric pressure and at two temperatures, the liquidus and the solidus 
temperatures, which were experimentally determined.  
The  number also takes into account the relationship between the characteristic solid dimensions a, b and 
c and the characteristic linear dimension, R, which corresponds to a sphere of liquid from which the solid is 
formed.  
The R quantity was related to the characteristic length of the macrostructure in the whole sample, for 
example. For cylindrical samples of diameter, D, and columnar zone length, Lc, the characteristic linear 
dimension Rc will be Rc = D2/4 x Lc. The characteristic lineal dimensions for a columnar grain will be a.b.c = 
2 x Lc where  is the primary dendritic spacing and Lc was defined above.  For equiaxed grains it was 
assumed that the grains are spheres with an average diameter d so the characteristic linear dimension for 
equiaxed grains will be r =d/2 and the lengths of an ellipsoid were approximated as a.b.c = r3.  
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In this case, the characteristic linear dimension Re can be approximated by Re=D2/4 x Le where Le is the 
length of the equiaxed zone and D is the ingot diameter.  Calculated in this way, the  number becomes 
proportional to an average total number of grains in each zone. Figures 5 and 6 show the values of the  
number calculated for different Al-Cu alloys as a function of both the solute concentration and the 
macrostructure. It can be seen that for all the alloy systems considered, the values of the  number are always 
one order of magnitude higher for the equiaxed zone than for the columnar zone. Furthermore, the  number 
is nearly constant at all concentrations for the columnar structure although it seems to decrease when the 
concentration increases. The  number increases with alloy concentration when equiaxed grains form the 
macrostructure, and a maximum value of 3316 was determined for the eutectic concentration.  
 
 
 
 
 
 
 
Fig. 5. The  number versus concentration (a) in the columnar zone and (b) in the equiaxed zone. Al-Cu system. 
 
 
 
 
 
 
 
 
Fig.6. The  number versus concentration in equiaxed zone. Al-Cu system.  
For the Al-Cu system, the  number ranges between 90 and 80 for the columnar macrostructure in the Al-
rich region, and from 1300 to 3300 for the equiaxed macrostructure in the Al-rich region. Since the  number 
was determined for samples having all the same diameter D and the same total length L, more work should be 
done to determine changes in the  number with changes in the ingot dimensions.  
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4. Conclusions 
The main conclusions obtained in the present work are the following: 
1. For all the alloys studied, i.e. Al-1wt.%Cu, Al-4.5wt.%Cu, Al-15wt.%Cu and Al-33.2wt.%Cu, the 
columnar to equiaxed transition (CET) was observed and the values of the temperature gradients reached 
minimum and even negative values during the CET. 
2. The equiaxed grains have size distributions that have a time and position evolution, which is practically 
independent of the type of alloy, concentration and size of the grains, giving small grains at the transition and 
increasingly larger grains ahead of the transition. 
3.  The  number shows a linear relationship with local solidification time. It increases as the solidification 
time increases. The  number is slightly different for the equiaxed and the columnar structures although the 
relationship is linear. The inverse of the slope in the curve  versus t is related with a time constant for the 
solidification process. The time constant is lower for the equiaxed solidification than for the columnar growth 
and seems to be independent of the alloy concentration in the left side on the Al-Cu phase diagram by which 
those numbers were determined.       
4. The  number for the Al-rich region in the Al-Cu system strongly depends on the macrostructure. For the 
alloy system considered,  numbers lower than 100 correspond to columnar grains, whereas  numbers 
higher than 1000 correspond to equiaxed grains.  The  number is nearly constant for equiaxed grains 
although it decreases slightly as the solute concentration increases. The  number increases when the solute 
concentration increases when the macrostructure is fully columnar. 
5. These results are important to correlate the experimental values of physical quantities, which are relevant to 
describe the solidification process. 
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